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Glucagon-Sike peptide I stimulates insulin secretion 
and inhibits glucagon secretion, gastric emptying, sad 
feeding? suggesting it may be biologically useful for the 
treatment of dmfoetes« A Esard glueagoa-iike peptide S 
(GLP-1 >*rei;ated papUd©, exendin 4, hin&a to the GUP«1 
ree®pt®T sssid mis&iss fche aotsossa of CSkSVI i» To 
de&srmine ih& goastk retatibosMp feetwesss ®s©adm 4 
and GLjP-Sfr we asalyssd the sfcractura and expression of 
pancreatic assd intestinal gsrogiucagttn mHNAs bis the 
reptiSe Hebs&erma Bz&spec&um*. Tm> different proglusa- 
gom oDNAs (lizard prssglucagoia I (LFI) Sissrd pro- 
glsscagoR 32 (LtF-XE j),i?i£h ?miqsi® S'«Katrsa«lst«d rsgicjas 
wer© identified. Two ssiBHA trasiscripfe, smd 2.1 
kiSofesaes, ^needed gfoaeagoa and GL£*»2 bat not GLP-2 
smd were restricts in expressions t© the pancreas, la 
contrasts a Ll-kilobas© 1^*51 snBKAtmsiBcrlpt, ©sieodisg 
gi&c&go&» and ttfcHised a different S'-sin- 

trassslate^ s?8g£oa asssS exprossad isa both psn©r«a& 
and intesiiiae. lisard proglucagon saBNA transcripts 
were not cSetecfeabla by reverse transcription-polymer- 
ase chain reaction or Northern blotting In salivary 
glazadl* A single class of lisard salivary gisnd proexessdan 
cPNAs enooded She sequence of ©SEendln 4 assd a 45» 
amino acid exeadhi NB s -termmaI peptide. SSxendm 
ns&NA transcripts were expressed in the salivary gland, 
but not paacroas or mtestiae. These data demoastrat© 
that and esendin 4 represent related yet distinct 

peptides encoded by darTeront genes in the lizard . 



The mammalian prcghicagon gene is expressed in a re- 
stricted Sissue-speciSc fashion sn the A ceils of the pancreatic 
islets, the L-cells of the intestinal mucosa, and in the central 
nervous system (1-3). In mammals, a single copy proglucagcn 
gene gives rise to one mKNA transcript transcribed feom an 
identical promoter in the pancreas, intestine, and brain (4- 6). 
Posttranslational processing of prpglucagon is highly tissue- 
specific, resulting in the release of different proglucagon-de- 
rived peptides (PGDPs) x &-Qm pancreas, intestine, and brain (1, 



* The work was initially supported m part by a grant from the 
Canadian Diabetes Association and subsequently by the Medical Re- 
search Council of Canada. The coats of publicatkijn of this artscie were 
defrayed in part by the payment of page charges. This article must 
therefore be hereby marked ^advertisement in accordance with 18 
U.S.C. Section H34 solely to indicate this fact 

The nucleotide sequenced) rsporzed in this paper has be&n submitted 
to the GsnBanh™ ?EBI Data Bank with accession numherfsj U77SH- 
V77613. 

; Supported by a postdoctoral fellowship from the Juvenile Diabetes 
Foundation Sntarn&tionci 

§ Supported by a Scientist Award from the Medical Rea^jirch CounciS 
of Canada. To whom correspondence should be addressed : Tlw Toronto 
Hospital 200 Elizabeth St., CCRWS-838, Toronto, Ontario MSG 2C4. 
Tel.: 416-340^126; Fsxz 416-978-4108; E-mail: d.drucker@utoronto.ca, 

1 The abbreviationa used are: PGDPs, proglucagon -derived peptides; 



7, 8}. In the pancreas, glucagon is the major bioaetive PGDF, 
whereas in the i&teiiine, processing of progiucagon to GLP-I, 
GLP-2, oxyntomodulin, and glicentin resnits in the liberation of 
a broader spectrum of biosctive peptides <S). 

The PGDPs exhibit an increasing nnsnber of important bio- 
lo^cal activitieSi Gliicagon, a 29-amino add peptide honncse, 
?s a key regulator of carbohydrate, protein, and lipid metabo- 
lism. Truncated forms of GLP-I, either the (7-37) or (7-36)- 
amide molecules, display potent gkacoee-dependent iasulmo- 
tropic actons bo&i \in vitro and in vivo (9) and Eaca with a 
targeted disruption pfihe GLP-1 receptor gene develop diabe- 
tes (30), GLF-1 infusion In human subjects lowered postpran- 
dial gSyceroia asd decreased insulin requirements in patients 
with both insulin-dependent diabetes melJitus and noa-insulni- 
depandent diabetes Jnellitus, raising the possibility that GLP-I 
may be a usenzl adjunct &r She treatment of patients with 
diabetes (11). A rolej for GLF-1 in the central control of feeding 
behavior and satiety was recently suggested fay experiments 
showing 'iGV administration of GLP-1 potently inhibited feed- 
ing in rats {12). T^ken together » these cbservatsons provide 
increasing evidence; for the importance of GLP-1 in the physi- 
ological regulation of complex biological systems* 

The isolation of a novel peptide from lizard venom that 
displays 52% identity to mammalian GLP-1 prompted studies 
examining the biological properties of this protein, designated 
exendin. 4 (IS). Experiments employing synthetic exendin 4 
provided evidence that this peptide shares similar biological 
activities with mammalian GLP-1. Exendin 4 and truncated 
GLP-147-36)-amide increased cAMP levels in guinea pig aci- 
nar sen preparations (14), and exeadsn 4 was subsequently 
shown to bind the GLP-i receptor, stimulate glucose-depend- 
ent insulin secretion, and increase both cAMP accumulation 
and insulin gene expression in cultured islet ceil lines in toitro 
(15). The insuKnotropic GLP-1 -like properties of ejsendin 4 
suggest that this Eizard peptide may also be therapeutically 
efScacious for the treatment of patients with diabetes. 

A smslier peptide derived from exen din 4 (following deletion 
of the first S amino acids), designated exendin-O-39), is an 
effective antagonist of the GLP-1 receptor, blocking both the 
binding and biological activities of GLP-1 and exendin 4 (13, 
15). Exendin~<9-30) bas proven to be a physiologically relevant 
antagonist for assessing the biological importance of GLP-1 by 
blocking the binding and activity of GLP-1 in vivo (16, 17). The 
striking homology between lizard exendia 4 and mammalian 
GLP-1 raises the possibility that exendin 4 may simply repre- 
sent the reptilian equi valent of GLP-1 that is also expressed in 



bp, base paiKs); PGiJPs, progiacagon -derived peptides; cAMP, cyclic 
AMP; ENTP. exandin ^Ha-terminal peptide; GLP-X, gl«cagon-like pep- 
tid« 1; GLP-II. g^c3feon4ik« pepttdo 2; kb, kilobaaeCa); LPI, li%ard 
proglucftgon I; LPH, ISaard prc^ucagon H; QE? t open reading frame; 
KT-PCR, revarae tra^acriptton-poiyineraaB chain reaction; UTR, un- 
tmnalatad region; IP-Si, tnbervening peptide I. 
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the lizard salivary gland- If this is correct, the exendin 4 se- 
quence should be coencoded with glucagon and other FGDPs 
within the lizard preprogiucagon prohormone. Alternatively, 
exendin 4 could be derived from a novel gene and may repre- 
sent a new member of a family of GLP- 1 -related peptides that 
exert biological activities comparable with GLP-1, in reptiles as 
well as in higher mammals. To elucidate the genetic relation- 
ship between exendin 4 and GLP-I, we isolated and character- 
ized a series of novel Heloderma suspect urn proglucagon and 
exendin cBNAs from the lizard. 

EXPERIMENTAL PROCEDURES 

Materials—Restriction enzymes, T4 DNA ligsse, and DNA polymer- 
ase were from Pharmacia Biotech Inc. ^- 52 FjdATP (>89G Ci/mmol} was 
from IGN E&$Q£hsniic&ls (Toronto, Ontario). ^^SjdATP <>600 Ci/ 
mrooi) was from Amsrsharn Corp. Aii chemicals were from Sigma 
(Toronto* Ontario).- & zttspectum lizard tissues were obtained from Dr. 
R.. Murphy, Hoyal Ontario Museum (Toronto, Ontario). Two oHgbau- 
deotide primers (LP(A)an^ LFCB)} were a gia m~ Dr. D. M, Irwin* the 
Toronto Hscjwtsi (Toronto, Ontario). All other oligonucleotides for PGR 
and 1)N& sequencing, and for cloning lizard exendin, L£( A) andl^B), 
were synthesized by AGGTiae, {Toronto, Ontario). 

BT-PCR^Tots,l eslM&r SNA from lizard intestine, pancreas, and 
salivary gland was isoktsd by the acid guaaidiiuum thiocyanst« 
method (IB). Far first strand cDN A synthesis, of total cellular 
was reverse-teanscribed using the SupsrScript prearnplificaton system 
{Ufa Sfechnologies, Inc.), An aliquot of ther first strand cDNA (0.1 vol- 
ume) waa suksoqu^ntly amplified by PCR (35 eyoiea, &xmealia# temper- 
ature of 50 extension temperature of 72 *C). The degenerate oligo- 
nucleotides were designed according to the conoerved Nl^-terminal 
scquenco (KSQGTF) of mammalian, bird, and amphibian sequence: 
UTO, S'-GOCIAATT CAY TON CAR CON ACN TT-S\ wfcera is say 
nucleotide, B is purine, and Y is pyrimidins and the conasrved 
terminal sequence <KADGT) of GLF-1; LP(E} t o^GAGGATCC NGT 
NCC RTC RTG-3'. For isolation of iizard exendm, the degenerate 
primers wars: LE(A), 5'-GCGGAATT CAY GGN GAR GGN AGN TT-S' 
and LS(B} 7 S -CGCGGA TCC ROT YTT NAR GGA YTC-3\ Amplifica- 
tion products war© cloned into the TA cloning vector pGRII ten Sa- 
vitrogeu (San Diego, CA) and sequenced. 

Isolation of Pancreatic ProgUtcagoji cDNA Clones—A H, mspectum 
cDNA librarjvmade froni po3yCA>" mKNAs isolated from the pancreae 
of adult- lizard, consisting- of X x 10° independent recombinant phage- 
mid, was con&trueted & the ScoSH sites of a pcBNA 11 vector {invitro- 
gen, San Diego, CA). The cDNA library was screened with a 2£>S-bp 
^coKJ/SamKI [fl-^PIdATP-iabeied lizard cXJNA generated by ET-PCR 
{see Fig. 1C\ Nine positive clones were isolated and sequenced by using 
^-dATP and is Sequenaee version 2.0 kit (U. S. Biochemical Corp.) for 
direct dsdeoxynuoleotide sequencing, In sorije cases, particular se- 
quence* were coniirrcied by subclonmg DNA fragments into pBiueacript 
II SK~ for dideoxynuclsofcide sequencing (19}. 

Isolation of Intestinal Proglucagon cDNA Clones— -Two pairs of pro- 
glucagon gene primers were designed following isolation of the lizard 
pancreatic cDHAo. The 5' primer, designated LizGluS is: o*-CTX CTG 
CAT ATC GGT TG-3' (nucleotides 47-63 in LPI; nucleotides 57-73 in 
lizard II, see Fig&. 2c and ZB). The 3' primers are LizGluS-l, 6' -ATA 
GTA GCA ACA GAT GG-3' (complementary to nucleotides 540 to 556 in 
LPI, Fig. 2B> andLizGluS-S, 5'-AGA GAA CGT TAT GCT TG-3' (com- 
plementary to nucleotides 780-796 in LPI1, Fig. 3B). RT-PCR was 
performed uaing lisard intestinal RNA as described above and these 
sets of primers. A — 700-bp band was amplified using LizGluS and 
LizGlu3-2 primers. The PGR product was subdoned and sequenced on 
both strands, 

Isolation of Exxndin cDNA Clones-A B, su spec turn cBNA hbrary, 
mad© from pol^AT mENAs isolated from the salivary ^ands of an 
adult lissrd, consisting of l x 10 s (ndependontrecombinajit phagamid, 
was constructed in tha EceiRi sites of the pcDNA II vector (Invitrogen, 
San Diego, CA). The cDNA lihrzry was screened with a 95-bpScoRI/ 
BamHl [n- w PJdATP-iabekd lizard cDNA generated by RT-PCR (see 
Pig 5C'). 

Southern Blot Analysis-^BNA was isolated from H> suspectitm liver 
tissue and digested with various restriction enzymes. The digested 
DNA was eleetrophoresed in a 0.7% agarose gel, Vacuum«hbtted t and 
UV-fixed usi^ig a UV Stratalinker (Stratagene, San Diego, CA). The 
membrane was prehybridized in a soiution containing 10% formamide, 
3 x SSPS (I x SSPE - 0.18 « NaCJ, 0.0.1 « Ns^HFO^, i KDTA), 1% 
SBS, 0.5% Blotto, and 0.5 mgfml denatured herring aperm DNA for4 h 
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Fig. i. Cteacrsiftm and «naiysi« of E. ss&pec&sm progSucagott 
«DNAjs» A, schsmstic represan tatioii of location of two degenerate 
progkcagon primera (erroiwAeoda) used for RT-PCR. S, signai peptide; 
GRPP, gltcsn tin-related pancreatic polypeptide; GLU, glucagon; fJP-t t 
intervening peptide 1; CJLP-X^ glucagon-iike peptide ^ intervening 
peptide 2; GLP-2, gJucsgon-Kke psptid© 2. B, anaiyois of lisard proglu- 
cagon cDKAa generated by ET-PCR. Agarose go5 electrophoresis of 
ET-FG& products generated using primera LPiAi and LP(B) from lizard 
pancreas Uam 2}, intastino tforte 3), liver {Ions 4), salivary glands (ian* 
£}, and 5ijO iianc 5) sr© shown aloag side DKA marksrs latter electrc- 
pivorcs^in 2.G*X> egQpK& gel stained vvth e^idvosa btomids. T&fe PCE 
product encodea 20§ nucleotides of 3izard proglucagon cDNA sequence. 



at 56 *C Hybridisation was perforjaed in a similar solution containing 
lOft' desstran sulfate and prcbs A for progiucagon: a . 20l-bp 
{«- M PJdATP"Sabe3eS Hsard prog?u«agoa cDNA (nucJaotides 243-443 in 
EPlamd HwdsofeJdos 253-453 in LFH, see Fsgs. 2 and 3), or an exendin 
cDNA probe, far 12 h s& M *C. Th& fiasl wash was done at 80 *C. The 
membranee were exposed to ISodah XE-Omat RP-1 x-ray film with an 
intensifying screes at -70 *C. DMA Segment sizes were estimated 

Northern Bhi Arae^j^RNA tan differsnt tissues was separated 
in 1.0% agarsasegels eocjtainin^ 2.6m formaldehyde and vacttum-biotted 
to a Eeta-Probs Rieiabrssns. Blots were hybridired with the following 
proglucagon cDNA probes: A, a 20X-bp lizard proglucagon cDNA as 
described abevs; B, a 661-bp 3"-UTR fragment &ora Wl; or C. a 340-bp 
S'-UTR jnragmant fess 4ha tPlI, The oKendm blot In Fig. 6 was hybrid- 
ised with a fsdl-Eeagth liz&rd salivary gland exsndm cDNA probe. By* 
bridbation and washing coacUtions wore carried out as described pre- 
viously C3). The approximate aises of various mRNA species were 
determined &om Use mobility of a coelectrophoresed 0.24^9.49-kb RNA 
"sadder <L5fe Tesbjaolagies, lac). 

RESULTS 

Isolation of a Limrd Proglucagon cDNA—As a first step in 
the elucidation of the potential relationship between exendin 4 
<and OLP-1, we generated a partial Hsard proglucagort cDNA by 
Kf-FGR, Two degenerate oiigoaucieotideB (see ^Experimeiifcal 
Fr&cedures*) were used to ampMfr first strand cDNAs prepared 
Vising KNA isolated from U, zuspectum intestine, pancreas, and 
salivary gland (Tig. I, A and B). Analysis of PGR products 
generated using cDNA from lizard pancreas revealed a 
~2X5-bp partiai |jrog2ue&goa cDNA (Fig. IB, lam 2). An iden- 
tieal albeit much leas abundant band that comigrated with the 
pancreatic cDNA product was a!so obtained using the same 
primers and first strand cDNA from lizard intestine (Fig. IB, 
tone 3). Xa costr^t, no PCK products were generated using the 
same priisers and Brat strand cDNA prepared from either 
lizard Hver or s&Hvary gland <Fsg. IB, lanes 4 and 5). The size 
of the PGR product was larger than one would predict (for a 
partial mammalian pregiueagon cDNA using the identical 
primers) and raised the possibility that one of the lizard PG- 
DPa, possibly IP-i, was larger than maminalian IP-Is, consist- 
ent with the resuSis recently described for the chicken (20). 

To ascertain the identity of the putative partial proglueagqn 
cDKAs generated from pancreas and intestine, the PGR prod- 
ucts were subcloned and subjected to DNA sequence analysis. 
Lizard pancreatic and intestinal (partiai) cDNA clones con- 
tained an open reading frame encoding identical nucleotide 
sequences corresponding to: lizard glucagon, a larger than ex- 
pected peptide immediately carboEylrterminal to glucagon des- 
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Lizard proglucagon 3 (LP!) 



5'-UTR 



GRPP 



B 



GLU 



i'P-1 



GLP-1 



i 

si 

101 



551 
601 
651 
701 
751 
SOI 
851 
901 



tceatatcGC t tccaag eg tccaaaggtgg tgaaaXTGJU^AGCATGO'AT 

K T S K Y 



? V A 0 L V L M I V Q G S W Q S P 
Signal sxspti&s 
151 COTCAASW&Cft^^ 

L Q E T £ B K S R S F K A 5 Q A 

201 AftCCAraGAZ^^ 

K P t D D S R Q t# S? E V X R K S Q 

O T P T 5 S> y S Jt V £, D T R R A Q 



303. ' J&GZOTTTEOTfCS^rGC^A^ 

D P V Cj W & fit K T K R S G Q Q. G 

-8 >■ 

351 SSxaKiaGftSaa^^ 

V E S R E K £ K L L D- '0 I> '5 S K' 'O 

'L A R H H A E Y E R H A D G R Y ? 

451 C^TGACATCSOCrSCTT?^^ 

s d x s s y & s o g a a k s f t 
50i eirocxrxjCT^TGGftcs^^ 



A V? L V H G .R G R R E 

tasc fca teattaagcafc ttc c tagc fcfcfc tgggggtfcac fcaecaat eaaagc 
crag tgg&gcc^aatgt& t eeec^cc fct fccetcae tgts tfc tea tact 
tcacttfct^ts^tga^&fcgttat^t^ 
tgatt^^fcfct^ctctctattgt^tg^ 

tttatccataa^tca^tca-tattSjaasgtcaAtgacatctcectcttc 
catctgatttccttccc^tgtaccttctticttccatg'tgacttccttGca 
tgerctgatc-^aggtgfcgttate^ 

ccc&gagfc tc teat t tgc t tteccctgg tgtttcca tea t tc tgett ttc 
951 ca^aagcettttfcgtttcca^ 



10Q1 
1051 
1101 

iisi 



tc t cg tc ccaacc fcesgee tc t tcasasKg t tgc tgc taaac£cat ca tc 
acRctgtcactgtcttt£eatcccttttaaagttecct£tcctgccttcc 
caccci^attctgca&tafcaaccg&atatctactcctcccctgectcaaa 
gca tccca taacfct taggc tgcca&c&cc t cca tcag taacc tga t 

Flo. 2- ^ schismatic re^eaentation of the structure of the LPlcDNA isolated frotaH, jaapeciam pancreas. The abbreviations of PGDFs are the 
same as described in the legend to Fig. 14. 0, the nucleotide {open wading frame = capital tetters; untranslated regions - lowercase letters) and 
derived amino acid sequences encoded by the LP! cDNA. The predicted ATG translation initiation and TAA stop codons arc shown \nbold. UT = 
untranslated region. 



ignated lizani intervening peptide I, and the NH 2 -t9rmiiiaI 
region prUzfird GLP-1 (see Fig. 2 for sequence}. The amino acid 
sequence of lizard glucagon shares 92 and 97% identity with 
chicken and human glucagons, respectively (Table I). As pre- 
dicted, lisard IP-1 was similar in size to the chicken (20) se- 
quence (24 amino acids), but considerably larger than mamma- 
lian IP-Is, that are generally 6 amino acids long with two pairs 
of dibasic amino acid residues located at both the amino- and 
carboxyl termini. 

Isolation and Characterization of cDNAs Encoding Lizard 
Proglucagon— 'To snore completely elucidate the structure of 
the lizard proglucagon mKNAfe}, the 309-bp Eizard pancreatic 
proglucagon cDNA generated by RT-PCR was used as a probe 
for screening a H. sssspecium adult pancreatic cDNA library. A 



total of nine positive cDKA clones v^ere isolated (from approx- 
imately 500,000 recombinant cDN A clones screened). Sequence 
analyses revealed fevo different classes of Hzard proglucagon 
cDNAs t arbitrarily designated lizard proglucagon I (hPl) and 
lizard proghieagon U. (LPII). LPI cDNAs were comparatively 
more abundant {thin L?II>, representing seven of nine clones 
isoiated. The longest LPI cDNA (which was completely se- 
quenced on both strands), was 1,198 bp and contained 85 bp of 
5'-UTR f a 450-bp Open reading frame (ORF) and & 661-bp 
3—UTR (Fig- 2B). T^e structure of the LPS open reading frame 
{which terminates Immediately 3' -to the GLP-2 sequence and 
lacks IP-£ and GL|*-2) resembles the pancreatic proglucagon 
cDNAs previously isolated from 0sh and chicken (20, 21). En 
contrast, the longest LPH cDNA isolated (completely se* 
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Table I 

Alignment of amino acid vequencss of glucagon and giucs^on-tike peptides 
Alignment of the amino acid sequences ofliz&rd, trout, chicken, said human glucagon, GLP-lj, and QLF-2 peptides. For comparative purpwes, 
th© sequence of lizard exendin 5a shown, with amino acid sequences similar to lizard GLP»I in: bold. 

3> identity 



Glucagon j 

Lizard HSQGtFTSD? SKYLDTRRAQ DFVQWlijOT 

Trout I — E 5N-- ---QES--K-- i-s 72.4 

Chicken ...... 92.4 

Human „— ^ .. 

Esendsn and truncated gtucagon-Hke 
peptide- 1-(7-37> 

Exendin KGECTFTSBL SKQKKEEAVR L^rE^KKGG PSSGAPPPSG 45.2 

Visard HADGRYTSOI SSYLEGQAAK EFIAWLVNGR G 

Trout! 7 y -T-^GQ * D-VS— A 64<& 

Chicken -_=;-T-- T — - — $0,3 

Human __ 5 -tf— -V — ft— _ 83.8 

Glucagon -like pepfc3jde-2 

Uzard HADGTFTSDV NQI/LDDXATQ EFLKWLXNQK VTQ 

Trout I -v— S--- -V -KV— SL-AK -Y-L-VISTS- TSG 45.5 

Chicken S X -XI M-AK — — ' ' TS.f 

Human S-SDEtt -TX— KI.-AR D-XN— -QT- 3-D 45.5 



quenced on both strands), was 2,050 bp and contained 95 bp of 
a 515-bp 0KF t and 340 bp of S'-OTR (Fig. 3B>. The 
structure of the LPII cDNA corresponds to the mammalian 
prcgiucagors cDNAs (and the fish and chicken intestinal proglu* 
eagoa cDNAs) that also certain IP-2 and GLP-2 (2, 5, 22, 23). 

Comparison, of the two eSasses of ItEard paasreatie pyogluea- 
gon cDNAs reveals that the nucleotide Bequeaees from I to 531 
in LPI are identical to the nucleotide sequences from positions 
21 to 541 in the LPH cDNAs, resulting in the first 149 amino 
acids of the LPI and LPII progluc&gons being identical, to end 
of the GLP-! sequence {Figs. 2 and 3). Immediately 3 ' to the 
GLP4 sequence, the sequences of LP! and LPII diverge, with 
LPI containing a single glutamic acid residue followed by a atop 
coion (Fig. 23), whereas the open reading frame of LPII en- 
codes a second intervening peptide (XP-2) and GLP-2 (Fig. 3B). 
Both LPI and LPII cDNAs contain a similar Kozak sequence at 
the beginning of the translation start sites (24). Two putative 
polyadenyiation signals are found in the LPII cDNA (at nucle- 
otides 719-724 and 825-830; Fig. SB). 

Aa neither LPI or LPII cDNAs contained an exendin 4-Hke 
sequence, we hypothesized that exendin 4 may be encoded 
within a unique lizard intestinal progiucagon cDNA that dif- 
fered from LPI and LPII, possibly generated by alternative 
RNA splicing. A series of RT-PCH experiments were carried out 
using lizard; intestinal RNA and two different combinations of 
lizard progiucagnn primers; both primer sets utilized a single 
common 5' -primer (see "Experimental Procedures'*) and one of 
two primers corresponding to the unique 3 '-UTRs (see "Exper- 
imental Procedures") from either LPI or LPII (Fig. 4): A single 
—700-bp band was ampHSed using the LPlI-specinc primers. 
Sequence analysis of the cloned intestinal progiucagon cDN A 
products determined that the open reading frame encoded by 
the intestinal cDNA was identical to the sequence of pancreatic 
LPII (that also encodes IP-2 and GLF-2). In contrast, no intes- 
tinal PCK product was generated using LP-i-speeiflc primers 
(data not shown). These results demonstrate that progiucagon 
gene expression in lizard intestine differs from pancreas and 
gives rise to a single class of progiucagon mRNA transcript that 
includes PGDPs carh^xyl -terminal to GLP-I, consistent with 
previous studies in fish and chicken {20, 22), 

Analysis of Lizard Progiucagon Gene Expression— To ascer- 
tain whether mRNA transcripts related to progiucagon could 
be detected in salivary gland, the likely site of exendin 4 ex- 
pression, RNA was isolated from H. sssspectum intestine, liver, 
pancreas, and salivary gland and analyzed by Northern blot- 



ting with different lizard progiucagon cDNA probes. Three 
mRNA transcripts of ~*1.3., 1.6j and 'US kb were detected in 
ENA feom lizard pancreas (Fig- 4A). In contrast, only a single 
i.i-kb mRNA transcript {that comigraied with the pancreatk 
transcript) was detected in RNA from lizard intestine with a 
cDNA probe containing sequences common to both LPI and 
LPII cDNAs (Fig. 4A). Furthermore, using a cDNA probe spe- 
cific to the LPI 3-UTH. sequences, only the l& and 2.1-kb 
mKNA transcripts were detected in RNA from lizard pancreas; 
however e no hybridization was observed using the LPI 3 '-UTE 
probe and KNAIrom. lizard intestine (Fig. 4B) Consistent with 
the results |*redicted &osa cDNA cloning, the 1.1-kb mRNA 
transcript (ccffirespemding to LPII) was observed in ENA from 
both pancreas and intestine using a cONA probe speciBc for 
L?H (Fig. 4CX In contrast, no hybridizing transcripts were 
detected in EKA isolated &osn either Hzard salivary gland or 
liver with any of the tSiree progiucagon cDNA probes CFig, 4, 
A-O. The lack of hybridzation txsing liver and salivary gland 
RNA was not attributable to any noticeable differences in the 
quality of the various ENA preparations (Fig. 4 D). 

halation of Kxsndir, Salivary Gland clWAs~To isolate ex- 
endin cDNA sequences from lizard Balsvary gland RNA, we 
prepared degenerate oHgoniicSeGtide primers against the Eizard 
exendin 4 amino acid sequence for use in RT-PGR experiments 
(Fig. 5A). RNA &om lizard salivary gland generated a PGR 
product of the predicted size (Fig. 5S), and sequencing of this 
partial cDNA demonstrated that it encoded the sequence of 
exendin 4 (Fig. 5C). To isolate a full-length exendin cDNA, we 
prepared and screened a la2ard salivary gland cDNA library 
with the par^al esendin cDNA probe. A single class of exendin 
cDNA clones was isolated from the library that encoded ex- 
endin and a 45-amino acid peptide NHg-tsrminal to the ex- 
endin sequence, designated exendin NH 2 -tercninal peptide 
(EHTP). The SbTTP sequence was fo33owed by a dibasic pair of 
amino acids, lysine and arginine, characteristic of prohormone 
convertase deavage sites, and the 40-amino acid exendin se- 
quence (Fig. 50). No peptide sequences exhibiting homology to 
ENTP were found foUowing search of the latest GenBank™ 
release. 

Northern blot analysis carried out using lizard RNA demon- 
strated the presence of a single exendin mENA transcript in RNA 
from salivary glarid (Fag. (&). In contrast, no exendin mRNA 
transcripts were detected in SNA from Eizard liver, pancreas, or 
intestme. The complexity of organization of the lixard exendin 
and progiucagon geW(a} was examined by Southern blot analysis 
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Fig. 3. A, structure of the LPH cDNA JbmH. swe^efoswa pancreas. The abbreviations of PGD?e ara the same &a doscrabsd in the iegead to Fig. 
IA. 5, the nucleotide (opes reading frama = capital fetter?, untranslated regions = lowercase ie&ers) and derived amino acid sequences encoded 
by theXPIJ cDNA. The predicted ATG translation initiation aad TAA stop codona are shown ui6oW. UT, untranslated region. 



(Fig. 6,£ slpA C). A simple pattern of hybridization was obtained 
using the exendin probe, clearfy distinct from the bonds gener- 
ated with a lizard progSucagon cDNA probe common to 4he open 
reading frames of L?I and LPIL For exampk, & doublet of less 
than -3.0 kb and a second fragment of:- 1.3 kb was detected 
foISowing ScaSI digestion {and hybridization) with the exendin 
probe. In contrast, hybridizing frsgsaefits of— 5.7 and 4.0 kb and 
a doublet of -3.2 kb waa detected with the proghieagon probe 



(Fig. $> B and C). 
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results are consistent with urdqae ex- 
genes and the presence of one, but most 
proglucagon genes, as described previ- 
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Fro. 4 . Ne>:-ther» hl<tt analyses of progJucagon mRNA traascr tpis to tissues frosts otfuBiJT. suspr.ctum Eszard. total z£NA, isolated from 
intestine (0. Stver parscreas CP), and salivary glands (S) waa hybridized with the resipectivc aa P4nbelcd lizard proglucagon eUNAa, A-C, as 
shown to t\ie right of each paneK Tho cDKA prpbss and location of primers used to generate prohes used for each Northern analyses {label edA-O 
are shown. Tho agarose gel stainiid with ethidmm bromide following electrophoresis io shown \uL\ and the mignttiun position of 18 S nboncmal 
RNA is shown to the of the panel (arrow). 
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PiG. 5. A, strategy for RT-PCR isolation 
of exendin partial cDM&s from Wizard sal- 
ivary gland EiNA, Amino acid sequence of 
exondir. 4 and positions of primers XJ^CA) 
and liE<B> used for RT-PGR {arrows) are 
shown. 8^ results of RT-PGR using cx- 
endin 4 degenerate LSXAyLJsCB} primers 
showing positive ?CR product in lane 3 
(salivary gland KNA.) f but no exendin 
product in water alone, pancreas, intes- 
tine, or liver RNA (lanes 2, 4, 5, and 6, 
respectively). C, nucleotide and predicted 
amino acid sequence of cloned exendin 
RT-PGR cDMA product fro:n lizard sali- 
vary gland. ■£)., schematic representation 
of full-length proexendin cDNA isolator? 
from tho lizard salivary gland cDNA li- 
brary. The translation start site and stop 
site are indicated in bold. UT t untrans- 
lated region. A putative polyoo'enylaticn 
consensus sequence is underlined. 
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mone convertases that generate a unique profile of PGD'Ps in 
pancreas arid intestine i27-30). Whereas a singie proglucagoii 
mRNA transcHpt (identicaJ in parjcreatic and iatostinal tis- 
sues) has been detected to data in all mammals studied, 



chicken and fish use alternative HNA splicing to generate n 
tiKsu«-Kpecific pattern of pvoglucagcn mltNA transcripta that 
express different cjpen rending frames in ysancreas and intes- 
tine (20, 21). Furthermore, only a single class of proglucagon 
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to both Wi&rd I and Ifeard II cJ>KAs <CX #. zttspectum sencmic DNA {20 wa» digested with ftutn31.I :.{»)» ffcottt <SK or ffwdlXE tfA. The relative 
aizca of the DN'A fragments vera deter mined from a coeseetroohorusiid DNA ladder shown at -thefe/2 m kitabanois. 



mRNA transcript (and OHF) is present in pancreas and intes- 
tine from chicken or fish. 

In contrast to proglucsgon gene expression in teammais, 
chicken, or fish, the characterization of proglucagort gene ex- 
pression in i9f. su&pecttwi described here is clearly unique for 
several reasons. First, two structurally different classes of pro- 
glucagon mRNA transcripts, encoding different proglucagons 
and unique 3*-LFTRs were isolated from lixard pancreas,, but 
only a single type of progiucagon cDNA was obtained from 
Sizard intestine- Furthermore, the 1.1-kb (LPH) transcript 
(that contains the largest ORP with progiucagon sequence.** 
COGH-tenninai to GLP-1) is expressed in both pancreas and 
intestine, likcJy as a result of alternative RNA splicing. In 
contrast, the pancreas-specific unique 1.6- and 2.1-kb tran- 
scripts represent LP! cDNAs that encode gSucagon and GLP-1, 
but not GLP-2 (Fig. 4). The likely explanation for the genera- 
tion of three different pancreatic proglucagon raRNAs is alter- 
native splicing of a single {or possibly two highly related) lizard 
progiucagon KNA(s) to generate mRNAs with different open 
reading frames and unique 3 '-untranslated regions. 

Although we did not isolate prog)ucagon eDNAs approximat- 
ing 1.6 or 2.1 kb in size alter screening the pancreatic cDNA 
library, the size of these two RHA transcripts znay be attribut- 
able in part to either a bug pciy(A) tail, differential utiHzntion 
of polyadenyiat ion sites in the 3'-UTR, alternative KNA splic- 
ing (perhaps to include additional 3'-UTU sequence) of a ma- 
ture transcript and/or incomplete processing of a nuclear KNA 
precursor (for the 2. 1-kb UNA). Precedents for several of these 
possibilities derives from previous studies of proglucagon gene 



expression in various species. A second smaller pancreatic pro- 
glucagon mKNA transcript was identified and characterized in 
a hamster islet cell line (32) that arises as a consequence of the 
utilization of a more proximal poly (A) consensus sequence in 
the banister proglucagon 3'4JTU. l?urfchcnnorc, different 
classes of pancreatic progiucagon mKNA transcripts (with 
identical open reading frames (hut longer poly(A) tails com- 
pared with wild-type pancreatic pro^Jucagorj KNAs) have been 
detected in ftN A isolated from human and rat pancreatic cn- 
docrirse tumors and fottt? pancreas (32 3 335, and alternative 
KNA processing likely accounts for tissue -specific expression of 
proglucagon mRNAs in 'fish- and ciiickoa (20, 21). Although tSie 
precise structural basis for the difference in sixe of tlie 1.6- and 
2. i-kb lizard panci^atic proglucagon irtltNAs i-emains to be 
detcrminetl, the results of our irf-HJlt, Northern blotting and 
cDNA elm ling experiments strongly suggest that these two LP1 
tuRNAs iikely share cominnn open reading frames and at least 
some 3*-VJTK sequence, in contrast to -the diiferent Dili 7 and 
:i'-UTR of the iPil jnKNA. Furthermore, the nucleotide se- 
quences of the UU and cDNAii extending up to ai-o 
identieah Hence LPI and LVll may bu eerivetl from the same 
gene and alternative splicing accounts for the carboKyi-termi- 
nal ditTerences, or alternatively, they may represent the prod- 
ucts of two highly related genes. 

An initial goal of these studies was the dariiication of the 
possible relationship between cxendin 4 and Kzard Gi.P-1. 
Althuugh exendhi A, as isolated and sequenced from //. suspec- 
iam venom, is 52% identical to inammaiian GLP-1 (13), the 
cloning of Itzard proglucagon cDNAs demonstrated that the 



Differential Expression of Proglucagon and Exenclin in Lizard 



4115 



sequence of exendin 4 is sot encoded by lizard preprogSucagon, 
and lizard exendin 4 is now shown to be only 45% identical to 
lizard GLP-X. The isolation of exendin 4 cDNA clones from 
Sizard salivary gian&, taken together with the results of North- 
ern and Southern bJot analyses, ciearfy establish for the first 
time that exendin 4 arid Hzard OLP-1 are unique peptides 
encoded by different genes. 

Lizard GLP-X shares 90 and 84& identity to chicken and 
human GLP~1, respectively, and lizard glucagon shares 92 and 
97% identity to chicken and human glucagon, respectively (Ta- 
ble I), in contrast, although lizard and chicken GIP-2 are 
reasonably fi&niiSar in sequence (76% identity), Kzard GLP-2 is 
much Eess similar than the rat or human (48%) peptides. Fur- 
thermore, lizard and chicken IP-Is. are both much larger than 
all other mammalian and fash XP-1 sequences. This also implies 
that liz&fd asd chicken osyntomodulin and gBcentin, that both 
contain the EP-1 sequence at their carbcxyl terminus, are con- 
siderably Jarger than their mammaiian counterparts. Taken 
together, the differential conservation of peptide homologies 
raises the possibility that some of the lizard PGDPs may have 
diverged not only in sequence, but also in biological function, 
from their mammaH&n counterparts, InterestiagJy,, ait&ongh 
rat and human GLP-X are separated from EP-1 by a pair of basic 
amino acid residues (KB-), the cognate lizard sequence is RH. 
The absence of the dibasic amino acid pair at the NH^ terminus 
of Wizard raises She possibility that the amino terminus 

of lizard GLP-l may be recognized and processed in a manner 
that differs from the processing observed for vsrtabr&ia GLP- 
1s. hi contrast, the first 2 amino acids of truncated GLP-I, HA, 
are identical in th© human and lizard, The functional amplica- 
tions of the OT 2 -terminal differences in lizard GkP-l sequence 
remain to be established. 

Taken together, the demonstration that exendin 4 is encoded 
by a lizard igene distinct from progiucagon in the lizard raises 
the possibility that other species, perhaps mammals, may also 
contain distinct exesdin genes. The observation that lizard 
exendin 4 binds to the mammaHan GLP-I receptor and stimu- 
lates insulin, secretion, whereas a truncated exendin 4-{9 -39) 
peptide functions as an antagonist of the masnmalian QLP-I 
receptor both in vitro and in vivo ( 34) provides indirect evi- 
dence supporting the existence of a mammalian exendin 4 gene 
with potential physiological implications for control of insulin 
secretion in vivo. 

AQh%owiedgTrtents~^Q express our gratitude to Dr. David M, Irwin 
for his hsSpftil suggestions, Dr. Murphy for his help in procuring 
lissrd tissuo:^ and to Drs. M. Skcm^ and N. Wins for their technical 
assistance. Ws thank the members in Dr. Brockets labonii©*y for thsir 
discussion. 
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